This paper uses a new kinetic modeling and simulations to analyse the effect of temperature on the polystyrene properties obtained by atom-transfer radical polymerization (ATRP). Differently from what has been traditionaly published in ATRP modeling works, it was considered "break" reactions in the mechanism aiming to reproduce the process at high temperatures. Results suggest that there is an upper limit temperature (130 °C), above which the polymer architecture loses the control. In addition, for the system considered in this work, the optimum operating temperature was 100 °C, because at this temperature polymer with very low polydispersity index is obtained, at considerable fast polymerization rate. Therefore, this present paper provides not only a tool to study ATRP processes by simulations, but also a tool for analysis and optimization, being a basis for future works dealing with this monomer and process.
Introduction
Atom-transfer radical polymerization (ATRP) is a powerful technique for controlled synthesis of polymers that provides several macromolecular architectures: polymers with narrow molecular weight distribution [1] , block copolymers [2, 3] , random or gradient [4] and functionalized polymers [5] [6] [7] [8] [9] . ATRP has a great interest in the academic and industrial field because it can be used for various monomers, can be conducted in mild temperatures, and it is very resistant to impurities [10] .
ATRP has been used industrially since 2005 with commercial products being manufactured in the US, Japan, and Europe. Some fundamental processes based on low catalyst, such as ARGET and ICAR ATRP, should soon be introduced to commercial sacales, but further scale-up will require synergistic input from process engineering, converting batch systems to continuous processes, transport phenomena, and accounting for complex stabilities such as temperature [10, 11] .
Profound mechanistic understanding is needed not only for optimization of the ATRP process but also to expand the range of polymerizable monomers, reduce the amount of catalyst, and allow synthesis of better defined polymers [11, 12] , which are related mostly with temperature. This is one of the most important variables in controlled polymerization systems, since it has a considerable influence on the polymerization rate and polymer properties. High temperatures accelerates the process, but provides high dispersity values which is not desirable.
An analysis of temperature effect should provide directions for optimizations in ATRP, and also set a temperature limit for a particular system. This limit should be a value that keep track of the formed polymer structure. As far as is known, modelling works available in literature did not address effects of temperature directly on the molecular weight and dispersities [12, 13] . As a result, the polymerization control limit was also not explored properly [14] . Based on these observations, there is the need to demonstrate the effect of this variable on the polymer properties and the polymerization rate so that the readers may apply to other systems.
The aim of this paper is to analyze the effect of temperature on the polymer properties and polymerization rate in ATRP by providing a limit for the styrene polymerization using CuBr/PMDETA as catalyst system. Therefore, this present research will be able to be used in future process optimization researches, which must have a value such that the polymerization control is not lost.
Kinetic Modeling
Traditional researches on ATRP modeling have not been considered "break" reactions in the process such as chain transfer and terminations [13] [14] [15] [16] [17] [18] [19] . This current approach incorporates some reactions into the model aiming reproduce the sytem at high temperatures, which were usually considered in conventional polymerizations. This approach was validated in a previus research of our group [20, 21] , and the kinetic mechanism are shown in Equations 1-11.
• Initiation:
• Propagation:
• Termination:
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• Chain transfer: In addition to the reactions usually considered in ATRP, this paper proposed the inclusion of the following reactions: thermal initiation (Equation 3); dimerization reaction (Equation 4); termination caused by the reaction between the propagating species and a primary radical (Equation 9) and chain transfer to the dimer (Equation 11). The choice of these reactions was based on the conventional polymerizations in which these reactions are common at high temperatures. Such reactions have been considered in order to make the modeling more robust to represent the monomer conversion and the average properties at temperatures above 100 °C.
Kinetic model was developed based on the mechanism proposed in Equations 1-11. From this mechanism, we carried out a material balance in order to account for the variation of the following species: "living" polymers, "dead" polymers, "dormant" polymers, monomer, dimer and primary radicals. It was also used the well-known method of moments [18] to obtain average molecular weight (Mn and Mw) and polydispersity index (PDI).
A system of 12 ordinary differential equations was generate, which was solved numerically for all simulations of this present paper. The system consists of mass balance for monomer, primary radicals and dimer (Equations 12, 13 and 14), plus the moment equations (Equations 15 to 23): moments of order "zero", "one" and "two", referring to "living" polymer, "dead" polymer and "dormant" polymer. The kinetic modeling was simplified for a batch system without considerable volume variation. [ ] R
• is the primary radicas concentration; [ ] D is the dimer concentration; μ is the moment for the "living" polymers with orders 0, 1 and 2 as subscrites; δ is the moment for the "dormant" polymers with orders 0, 1 and 2 as subscrites; λ is the moment for the "living" polymers with orders 0, 1 and 2 as subscrites; k p is the kinetic rate coefficient of propagation; k i is the kinetic rate coefficient of initiation; k therm is the kinetic rate coefficient of termal initiation; k dim is the kinetic rate coefficient of dimerization; k a is the kinetic rate coefficient of activation; k da is the kinetic rate coefficient of polymeric chain deactivation; k tc is the kinetic rate coefficient of termination by combination; k td is the kinetic rate coefficient of despoportionation; k tp is the kinetic rate coefficient of termination by the reaction with a primar radical; k tr,M is the kinetic rate coefficient of chain transfer to moomer; and k tr,D is the kinetic rate coefficient of chain transfer to dimer.
Resolution of the Equations System
For the ODE's system solution it was developed a computer program in Fortran code with the aid of LSODE subroutine developed by Hindmarsh [22] . This subroutine uses the Adams-Moulton method to solve initial value problems. This subroutine was chosen because it is very efficient to solve problems with high numerical stiffness, which is quite common in polymer engineering [19, 23, 24] .
To obtain the number-average molecular weight, we used values of moments of order "zero" and "one" for each species, as defined by Equation 24 [18] . 1 1 1
where Mn is the polymer number average molecular weight and MWM is the monomer molecular weight.
The polymer weight-average molecular weight took into account the moments of order "one" and "two" for each species, and was calculated by Equation 25. 
where Mw is the polymer weight average molecular weight.
After obtaining Mn and Mw, the polymer polydispersity index (PDI) was obtained by Equation 26 .
The program input data refer to the initial concentrations of monomer, catalyst, ligand, initiator and operating temperature. Table 1 provides the set of initial conditions used to solve the equations system.
As shown in Table 1 , all population moments were assigned initial values equal to zero once the concentrations present in the process are negligible at time very close to zero. The system considered in this case study is the bulk styrene polymerization initiated by 1-phenylethyl bromide (1-PEBr), copper (I) bromide (CuBr) as catalyst and N,N,N',N",N"-pentamethyldiethyllenetriamine as ligand. This system was chosen due to the wide availability of kinetic data as function of temperature, in addition to the fact that it is a widely used system. The kinetic parameters were calculated as temperature functions according Arrhenius' expressions shown in Table 2 . Table 2 provides the expressions to analyze the influence of temperature on the ATRP process. In addition to Arrhenius' expression in Table 2 , there is the traditional gel effect correlation proposed by Hui and Hamielec that affects the termination rate coefficient (k t ). This constant depends on the monomer conversion and the parameters A 1 , A 2 and A 3 which in turn are related to the operating temperature.
Results and Discussions
Using the kinetic model of this paper, computer simulations were performed considering different operating temperatures in order to analyze the influence of this parameter on the product. Figure 1 illustrates the monomer conversion as a function of polymerization time, considering an isothermal An analysis of Figure 1 makes it clear that the increase of temperature is accompanied by an increase in the monomer conversion, confirming the polymerization rate is higher at higher temperatures. This result fits the step of the radical propagation as an irreversible reaction, whose rate coefficient is strongly dependent on temperature (high activation energy). Matyjaszewski [11] discusses this strong influence of temperature on the propagation rate coefficient (k p ). Moreover, the author also says that the activation step of dormant species (k a ) helps to increase the rate since the chemical equilibrium in Figure 2 tends to be shifted towards the formation of propagation radicals. Figure 2 illustrates the equilibrium of polymer chains activation/deactivation in ATRP. The reagents are represented on the left side and the product on the right side. The energy associated with the products is greater than the energy associated with the reagents. There is an endothermic process for the activation of the polymer chains and thus increasing the system temperature favors the equilibrium constant displacement in this direction. As a result, there is a higher monomer conversion in Figure 1 because increasing the concentration of the propagating radicals caused an increase of reaction rate. Thus, considering optimize reaction time, it would be desirable to operate the system at the highest possible temperature in order to minimize the reactor size.
However, the temperature increase influences the chemical equilibrium in Figure 2 , making the polymer properties be affected (Mn and IPD). The process tends, at high temperatures, to behave such as a conventional radical polymerization, that is, with a large amount of "living" radicals susceptible to termination and chain transfer. This is the great challenge of ATRP: be conducted at a temperature such that the concentration of "dormant" polymers is high and the concentration of "living" polymers is low. In this case, the most important issue is to meet the ideal temperature for a specific polymerization be conducted in the shortest possible time without losing the controlled polymerization characteristics. Figure 3 shows a linear evolution of Mn as a function of monomer conversion, featuring a controlled polymerization process. Comparing both profiles of molecular weights (Mn and Mw), it can be observed that there is a great difference between these values in low and high conversions. This occurs because, at the beginning of the ATRP process, the chemical equilibrium between the propagating radicals and the deactivator agent has not been established. As a result, a high concentration of primary radicals is generated, raising the probability of terminations at low monomer conversions.
In addition, there is also the same behavior that occurred at high monomer conversions, especially for the highest temperature analyzed (Figure 3c ). This trend tends to be higher at elevated temperatures due to two factors: first because of the equilibrium displacement towards the formation of radicals in propagation (Figure 2 ) be favored. Second, due to the increase of kinetic rate coefficients of termination and chain transfer reactions, which led to the increase in the Table 2 . Expressions used to obtain the kinetic parameters for atom-transfer radical polymerization as functions of temperature.
Parameter
Expression Reference k p 4.226×107exp(-3910/T) Fu et al. [25] k i 1.63×10 6 exp(-12020/T) Fu et al. [25] k therm 2.19×10 5 exp(-13800/T) Fu et al. [25] k dim 188.97exp(-1947/T) Belincanta-Ximenes et al. [26] k a 8.06×10
5 exp(-4694,51/T) Seeliger and Matyjaszewski [27] k da 3. 860×10 9 exp(-2245/T) Matyjaszewski [28] k t0 3. 820×10 9 exp(-958/T) Fu et al. [25] k t k t0 ×exp(-2×(A 1 X + A 2 X [2] + A 3 X [3] )) Hui and Hamielec [29] k tc 0.99k t Fu et al. [25] k td 0.01k t Fu et al. [25] k t,p 10
Fischer and Paul [30] k tr,M 2.310×10 6 exp(-6377/T) Fu et al. [25] k tr,D 150 Fu et al. [25] A 1 2.57 -(5.05×10 -3 T) Hui and Hamielec [29] A 2 9.56 -(1.76×10 -2 T) Hui and Hamielec [29] A 3 -3.03 + (7.85×10 -3 T) Hui and Hamielec [29] Figure 2. Typical energy profile for the equilibrium of activation/ deactivation of the catalyst system in the ATRP processes, adapted from literature [10] .
concentration of "dead" polymers in the process (Figure 4 suggests there was a considerable increase in the concentration of "dead" polymer due to temperature increase).
It is important to highlight the polydispersities indexes that are shown in Figure 3d present the some differences in their profiles. For example, at low monomer conversions, high PDI values were obtained for all three simulations. To temperatures of 80 and 100 °C, the PDI values presented no significant differences in the simulated conversion range, remaining with low values. With this result, clearly, it would be ideal to work in a temperature around 100 °C, since it provides low values of PDI, and also this temperature increases the polymerization rate.
Moreover, for all simulated PDI profiles of Figure 3d , a coincident point was observed. This value is approximately 63% of monomer conversion. Finishing the polymerization in this range of conversion, the obtained polymers will have similar properties (Mn and PDI) for the three temperatures studied. This result suggests that it is possible to obtain polymers with a well-controlled structure at the highest temperature. The problem is related to the desired value of number-average molecular weight. In this case, the polymer obtained would show lower Mn values, around 6,500 g mol -1 , since the polymerization will be stoped at 63% of conversion. Depending on the application, these characteristics would not be interesting. system. At low temperatures (e.g. 90 °C), it is possible to obtain polymers with low PDI values in a large extension of the monomer conversion illustrated in Figure 5d . However, the polymerization rate is also very low. Thus, to obtain polymers with high molecular weight would be desirable to operate the reactor in a high residence time. Similarly to the result expressed in Figure 3d , for all temperature profiles, there is a conversion range (40 to 60%) that the PDI profiles are coincident, so it is possible to obtain similar polymer properties in this range. Comparing all PDI profiles of Figure 3 and 5 it can be seen that for the tested temperatures, 100 °C would be ideal, as they provide low PDI values at high monomer conversions. Moreover, such a reaction temperature provided a fast reaction rate without loss of controlled polymerization characteristics.
Conclusions
The main objective of this paper was to stablished a temperature limit for styrene ATRP by the analysis of polymer properties and monomer conversions. Results suggested that 130 ºC is the process limit, because this temperature provided a nonlinear evolution of number-average molecular weight, i. e., there was a lose of the polymerization control. The results also indicate that for this system there is an optimum temperature of 100 ºC, which provides a relative fast polymerization with a good arquitecture control. Moreover, the kinetic modeling proposed in this present work can be use to analyse every ATRP process, since it is general, and the user needs only to insert the reaction conditions plus the kinetic paramenters available in literature for several monomers and initiators.
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